Abstract. Based on the analysis of the combined cycle unit dynamic characteristics and the demand of power system simulation, basic principles of combined cycle unit modeling are presented. Through mathematical derivation and reasonable simplification, mathematical model of gas turbine and steam turbine is integrated into the general structure of power system simulation software. The problem that the power system simulation software has no special combined cycle model is solved, the accuracy of the model is verified by comparing the simulation results with the field test data, and research results are helpful to improve the accuracy of power system simulation.
Introduction
The gas-steam combined cycle unit is the second main unit in the power grid with high efficiency and good peak shaving adaptability. Taking Guangdong power grid as an example, the installed capacity of gas-fired generators in Guangdong Province in 2015 was 14.95 GW, accounting for 15% of the installed capacity in Guangdong Province. Affected by economic downturn and increasing environmental pressure, the installed capacity of coal-fired units is strictly limited. Considering the development of power grid and the replacement of old and new units, the new installed capacity of Guangdong Province in the next few years will be mainly combined cycle units.
With the continuous development of testing methods, system cognition and the application of large-scale simulation in data analysis, the accuracy of power system simulation is increasing day by day, Off-line dynamic simulation of power system has become an important means of design, planning, operation and analysis decision-making for power departments. The Power system simulation software PSD-BPA compiled by the Chinese Academy of Electrical Sciences is widely used in all different levels power dispatching agencies in China.
In order to complete the dynamic simulation of power system in large power grid, it is necessary to model the load, transmission and transformation, generator, prime mover and other links in the power system. Due to the limitation of data quantity and test workload, the established model is required to be standardized, maintainable and simple in structure. However, the actual operation of equipment, especially the prime mover system and process technology is complex, it is often difficult to use a simple model to completely equivalent the whole system, so through analysis and simplify the system model, identify the model and parameters with good applicability is very important.
Modeling Principles of Combined Cycle Units
Large combined cycle units can be divided into single-shaft and multi-shaft units, it's also be divided into "one-on-one", "two-on-one", "three-on-two" by system structures. Different system structures correspond to different number of turbines and generators, and the parameters of different turbines are interrelated. In the current mainstream power simulation software, such as PSD-BPA, There is no special unit simulation model for combined cycle in the software. When modeling combined cycle unit, it is necessary to integrate the combined cycle unit model into the model already included in the simulation software. This requires comprehensive consideration and mathematical analysis of the whole system structure and dynamic model of combined cycle unit.
Taking a "one-on-one" Split-shaft combined cycle unit as an example, a primary frequency modulation will be put on in the gas turbine control system during normal operation. When the grid frequency exceeds the dead zone setting of the primary frequency modulation operation, the gas turbine will quickly adjust the given amount of fuel and the opening order of the compressor IGV valve, and the generator power of gas turbine will follow the order quickly. In order to ensure the highest efficiency of the steam turbine, the main steam valve and the regulating steam valve of steam turbine are fully open, which also leads to poor speed regulating ability of the steam turbine [1, 2] , so the primary frequency modulation logic is generally put off in the steam turbine control. When gas turbine responds to the primary frequency modulation command, the exhaust gas temperature of gas turbine changes, heat transfer of the waste heat boiler changes and the steam inlet parameters of steam turbine change, and the power of turbo-generator changes accordingly. If considered the combined cycle as one model [3] [4] [5] , some electrical faults will unable to be simulated because the gas turbine and steam turbine have different generators. If the gas turbine and steam turbine are modeled separately, the simulation model will unable to simulate the power response of steam turbine accurately, because the primary frequency modulation on the steam turbine control system is put off. This makes the combined cycle unit model cannot be well applied to PSD-BPA.
Through the comprehensive analysis of PSD-BPA simulation requirements and the dynamic characteristics of combined cycle units, it can be seen that the generator has a greater impact on the power system simulation, and the gas turbine and steam turbine mainly used to stabilize the grid frequency through primary frequency modulation. Therefore, it is inappropriate to integrate the combined cycle into one model and convert the turbine power to the gas turbine generator. It is necessary to establish a prototype unit model for each generator.
Because the primary frequency modulation in steam turbine control system is put off , and the steam turbine load varies with the gas turbine exhaust gas temperature, considering that the grid frequency deviation of gas turbine and steam turbine is the same when the grid frequency changes, the waste heat boiler and steam turbine system can be considered as a low-response and primary frequency modulation unit. The speed regulation unequal rate is obtained by converting the power response ratio of gas turbine and steam turbine in the actual primary frequency modulation operation.
Because gas turbine generator and steam turbine generator are usually connected in the same line, when the transmission line fails, the frequency changes of the two turbines are identical, the power response is the same as the joint modeling model, and the reactive response is different because of the different characteristics of the two generators, which is completely consistent with the actual situation.
Gas Turbine Simulation Model
Because there is no ready-made gas turbine model in PSD-BPA, it is necessary to analyze the work process and control logic of gas turbine, and get the model suitable for PSD-BPA through certain mathematical transformation.
The output power of gas turbines can be generally expressed as follows [6] [7] :
Where E G represents the output power of the gas turbine, K 0 represents the power correlation coefficient, t f represents the inlet temperature of the gas turbine, t f0 represents the inlet temperature of the gas turbine in steady state, t e represents the exhaust temperature of the gas turbine, t d represents the outlet temperature of the compressor, t i represents the inlet temperature of the compressor, t  represents the efficiency of the compressor, C  represents the air flow rate of the compressor, W a represents the compressor air flow rate, W f represents the fuel flow,
 represents the compressor pressure ratio, k represents the specific heat capacity ratio of air, generally takes 1.4.
In small disturbance simulation, it can be considered that the gas turbine efficiency t  and the compressor efficiency C  are approximately unchanged, while the compressor flow rate changes little,
, so x can also be considered as a constant value, the ambient temperature t i remains unchanged, then the gas turbine power is only related to the change of the compressor flow rate and fuel flow rate.
The Laplace transformation of gas turbine power is: . Limited by the heat resistance of materials, the inlet temperature of gas turbine can not be too high. The gas coming out of combustion chamber should be mixed with the air supplied by compressor to reduce the inlet temperature of gas turbine, So the air supplied by compressor is far more than the air needed for combustion reaction. When fuel increases, the increased fuel reacts rapidly with air in the combustion chamber, and works through a gas turbine. Therefore, 2 k must be greater than 0. The increased air flow of the compressor first absorbs energy in compressor and then does work in gas turbine. According to the basic principle of thermodynamic cycle, this process will certainly cause energy loss. With the increase of air flow rate, the inlet temperature of gas turbine will be reduced, and gas turbine power will be reduced accordingly. So, 1 k must be less than 0. The amount of fuel is only related to the opening of the fuel control valve. Then:
Where   s H represents standard function of fuel control valve opening, f T represents dynamic time constant between fuel quantity and fuel control valve. In order to ensure the emission NO X does not exceed the standard, it is necessary to ensure the fuel-air ratio within a certain range. Therefore, it can be considered that there is a certain dynamic relationship between the compressor air flow rate and the fuel quantity, that is:
Where a T represents the dynamic time constant between compressor's air flow and fuel quantity. The above formula can be obtained as: Table 1 . The normal load control logic of gas turbine includes speed control, load control, blade temperature control, exhaust temperature control, the minimum value of logic instruction is usually taken as shown in Figure 1 . Speed control is generally used only in the start-up process, when the unit is connected to the grid, gas turbine speed is the same with power grid frequency, and the speed control basically does not work. When the blade temperature and exhaust temperature are not up to the limit, the unit is controlled according to the load. When one of then reaches to the limit value, temperature control loop starts to work, which ensures that the turbine does not overheat. In PSD-BPA, turbine control logic is generally simulate by GI/GI+ card or GJ/GJ+ card, both cards are composed of pressure controller and load controller. In fact, gas turbines are usually single-cylinder, there is no regulating stage, it is not feasible to copy the turbine control model completely. Because the inlet and outlet temperatures of gas turbines are closer to the power output characteristics of gas turbines, it is impossible to compatible the temperature control and power control logic in PSD-BPA simulation. Both of them must use the power controller in PSD-BPA, and the control parameters must be modified when the control mode is switched. 
Simulation Model of Steam Turbine
According to the analysis in the first section, the waste heat boiler and steam turbine system can be equivalent to a slow response, primary frequency modulation input prime mover unit. W hen gas turbine is operated by primary frequency modulation, there is a certain relationship between the gas turbine exhaust temperature and the frequency modulation instruction. According to Experience in identifying gas turbine parameters, the relationship between the gas turbine exhaust temperature and the primary frequency modulation instruction conforms to the following transfer function [8] [9] :
According to this formula, the exhaust temperature of gas turbine is mainly determined by the ratio of fuel flow to air flow. Similarly, when t  is taken as a fixed value, the formula can be obtained after being marked:
Where e t represents the standard function of gas turbine Exhaust temperature. When the gas turbine exhaust temperature change, the waste heat boiler absorbs heat and change the steam turbine inlet parameters, so as to achieve the purpose of steam turbine power following, ignoring the various links of fast response, then the output power of the steam turbine can be expressed as: Comparing with TB card in PSD-BPA, when K is neglected. In the process of identification, the model can be well consistent by TB card, and K can be converted into the variable speed rate by actual measurement.
Because the turbine is passive response, the controller should be put into the manual regulation mode in GI/GI+ card or GJ/GJ+ card, Speed regulation unequal rate can be calculated by the ratio of turbine power variation to gas turbine power variation.
Dynamic Characteristic Simulation of Combined Cycle
The gas turbines and steam turbines in the combined cycle are modeled respectively by GI/GI+ card, TA card and TB card. Transform the internal parameters to get the dynamic model of combined cycle unit. as Figure 2 .
Filled the identification parameters into the module, and simulate and compare the gas turbine output power, steam turbine output power, exhaust temperature of the gas turbine, the results are shown in Figures 3 to 5. The simulation results show that, the model can simulate the power output response of gas turbine accurately when the grid frequency changes. Because the turbine changes slowly, it can be assumed that its power is constant when simulating the transient characteristics of power system.
Summary
Based on the analysis of combined cycle dynamic characteristics and the need of power system simulation, the basic principle of independent modeling for gas turbine and steam turbine is established. According to the mechanism deduction and the actual situation, the mathematical model of the combined cycle is integrated. Gas turbine and steam turbine simulation model which is different from the widely used mathematical models is established. The reliability of the model is verified by comparing with the measured data. The research results solved the problem that the mathematical model of combined cycle unit could not be applied in PSD-BPA.
